Defects in an ultrathin Au/La 2/3 Sr 1/3 MnO 3 /SrTiO 3 (Au/LSMO/STO) heterostructure displaying electroresistive behavior were studied using variable energy positron annihilation spectroscopy. Vacancy-like defects were found to be the dominant positron traps in the LSMO and STO thin perovskite oxides with a number density >10 17 cm À3 and 2 Â 10 17 cm À3 in the STO substrate. High defect density was revealed by strong positron trapping at the Au/LSMO interface. Oxygen deficiency in LSMO would be the main source of these traps. Besides, a low density of sub-nano voids of $6 Å was found in the substrate and in the thin LSMO/STO films.
I. INTRODUCTION
In the search for novel materials and concepts to extend the functionalities of electronic devices actually based on semiconductors, heterostructures of oxides play a major role. There has been a strong effort of the scientific community working to the development of the so called Oxide Electronics, essentially aiming to exploit the peculiar properties of oxides to extend the functionalities of conventional devices. High temperature superconductivity, 1 colossal magnetoresistance, 2 ferroelectricity, piezoelectricity, magneto-electric coupling, 3 optical activity, 4 and electroresistance 5 are only few examples of widely investigated phenomena exploited in prototypical devices (for a review see Ref. 6 ). Nevertheless, a critical point in the development of reliable Oxide Electronics is the control on the quality of the materials employed, as often prototypical devices are based on heterojunctions whose structure, defects, and chemical purity are not characterized in detail. There is still a wide gap between the high control of materials and processes peculiar of the semiconductor industry and the pioneering achievements in the field of Oxide Electronics. To fill this gap, the study of defects represents a relevant step, not only in view of their reduction but also because they can have a major role in determining the functionalities of materials. A relevant example is the case of the electroresistive behavior of heterostructures typically involving insulating perovskite oxides sandwiched between conductors. 7 The huge and hysteretic variation of the resistance when current flows perpendicularly to the interfaces has been interpreted in terms of electromigration of defects like oxygen or cation vacancies. However, a detailed experimental analysis of the concentration of defects in these heterostructures is still missing. In the present paper, we address this issue with reference to a prototypical case of a stack displaying an electroresistive behavior: Au(10 nm)/La 0.67 Sr 0.33 MnO 3 (10 nm)/SrTiO 3 (25 nm)/Nb doped SrTiO 3 (substrate). Apart from the Au capping layer acting also as a pad for bonding the electrical wires, the heterostructure was epitaxially grown on a conductive Nb-doped substrate (bottom electrode). Both SrTiO 3 (STO) and La 0.67 Sr 0.33 MnO 3 (LSMO) have a perovskite structure with very small lattice mismatch (0.08%), so that low concentration of structural defects like dislocations is expected. STO is a widely used high-k oxide and its thickness (25 nm) should in principle impede any current flow through it. In fact, current transport is experimentally observed and has been attributed to the creation, by electromigration, of conductive filaments made of defects like cation or oxygen vacancies. 7 LSMO displays a rich phase diagram as a function of temperature, magnetic field, and doping that is due to the intricate interplay of charge, spin, orbital, and lattice degrees of freedom. 2 Despite this rich physics, in the present work, LSMO is essentially used as an epitaxial conductive oxide having a density of carriers on the order of 10 21 cm
À3
. It is worth to note, however, that the presence of the Au capping layer has a strong impact on the LSMO film. Recently Brivio et al. 8 investigated the interface phenomena associated with the huge suppression of ferromagnetism and conductivity in LSMO films capped with a low thickness film of gold. Au nanoparticles are formed at the surface, causing a sizeable reduction in the LSMO oxidation state, which the above authors have attributed to an inhomogeneous de-oxygenation of the manganite underneath.
The positron annihilation technique is an established method for investigating point defects in materials. 9 When a positron is implanted into condensed matter, it annihilates with an electron and emits two 511 keV c-rays. The energy spectrum of the annihilation c-rays is broadened due to the Doppler effect associated with the momentum of the annihilating electron-positron pair. Positrons tend to be localized in vacancy-type defects because of the Coulomb repulsion from ion cores. Since the momentum distribution of electrons in defects differs from that in bulk materials, one can detect vacancy-type defects by measuring the Doppler broadening spectra of the annihilation radiation. adopted parameter used for characterizing the change in the Doppler broadening spectra is the so-called S-parameter, which mainly reflects changes in the low-momentum region of the electron momentum distribution. 9 A second parameter sensitive to trapping is the lifetime of positrons, which is longer when positrons are trapped by vacancy-like defects because of the reduced electron density in such defects. Measurements of the positron lifetime spectra can thus help to identify the existing defects and to obtain quantitative information on their density. Recently Keeble et al. 10, 11 carried out a study aiming at the identification of vacancy defects in a thin STO film using variable energy positron annihilation lifetime measurements. In their experiments, layers of about 200 nm or 600 nm were deposited on a STO commercial substrate by pulsed laser deposition. Defects uniformly distributed specially in the near surface region were identified as Sr vacancies in Ref. 10 In the present work, we used positron annihilation spectroscopy (PAS) to investigate vacancy-like and interface defects in an Au/LSMO/STO heterostructure. The results presented here suggest that vacancy-like defects are the dominant positron traps in this kind of perovskite oxide heterostructures. Positron trapping was observed at the Au/LSMO interface. We have also observed large vacancy clusters with an average dimension of about 6 Å in STO. The characterization of these defects paves the way to a better understanding of the physics underlying the electroresistive behavior of perovskite based heterostructures.
II. EXPERIMENTAL DETAILS
A thin intrinsic STO layer (25 nm) and then 10 nm of LSMO were epitaxially grown by pulsed laser deposition on top of a conducting 1wt. % Nb-doped STO(001) substrate, acting as a bottom electrode. A capping layer of Au (10 nm) was deposited in-situ by molecular beam epitaxy. Details on growth conditions are reported in Ref. 14. Table I shows the nominal thicknesses of the layers.
Positron lifetime (PALS) and Doppler broadening (DB) spectra of the annihilation radiation were measured as a function of the incident positron implantation energy E in the range from 0.1 to 18 keV. The mean positron implantation depth Z m depends on E according to the formula
with n and A semi-empirical parameters (n ¼ 1.6 and A ¼ 40 nm g cm À3 keV
), q the density, and E the positron implantation energy. Although this semi-empirical approximation is extensively used to describe the relation between the implantation energy and the mean implantation depth, small modifications of the parameters n and A have been suggested. 15 Strictly speaking, Eq. (1) used to estimate the Z m values could be influenced by a systematic error of about 15%.
For each incident energy, spectra with about 2 Â 10 6 counts for PALS and with about 1 Â 10 6 counts for DB were obtained. The DB spectra were measured at the LNESS Positron Laboratory (Como), using an electrostatic low-intensity positron beam and conventional high-resolution Ge detectors. The spectra were characterized by the S-parameter, defined as the ratio of the number of annihilation events over the energy range of j511 keV -Ej 0.85 keV around the center of the annihilation peak to the total counts in the annihilation peak (j511 keV À Ej 4.25 keV). This parameter reflects the relative contribution of low-momentum electrons (valence electrons, see for example Ref. 16 ) to the total annihilation probability. The relationship between the S-parameter and the positron implantation energy was analyzed by VEPFIT. 17 This software is a best fit procedure based on the solution of the diffusion equation in each layer of a heterostructure. The thickness of the layers, the local electric field, the characteristic S-parameter of each layer, and the corresponding diffusion length of positrons L þ can be fixed or left as best-fit parameters. The relationship between L þ and the effective escape rate k eff of positrons from the diffusing ensemble is given by
where D þ is the thermal diffusion constant. The escape rate is high when positron trapping is intense, thus a short diffusion length is a symptom of high density of defects.
Positron lifetime measurements were carried out by means of the pulsed low-energy positron lifetime spectrometer PLEPS at the high intensity positron beam facility NEPO-MUC at the research reactor Heinz Maier-Leibnitz FRM II of the Technical University Munich. 18, 19 The resolution of the spectrometer was about 240 ps. The lifetime measurements were performed with a time-windows of 20 ns (main buncher operates at 50 MHz).
III. RESULTS AND DISCUSSION
In Fig. 1 , we present the typical electroresistive behaviour of the vertical Au/LSMO/STO heterostructure device studied in this work. The hysteretic behavior is well evident in the positive and negative part of the I-V curve. The minimum activation voltage is 1 V; below this value, no hysteresis is detected. Above this value, the higher the voltage, the more evident and larger the hysteresis up to 2.5 V. Higher voltage values produce the rapid deterioration of the device and the disappearance of the hysteretic behavior. The resistance change, or electroresistance, defined as 100% (R High À R Low )/R Low , is about 800% at V¼ 0 V in this sample, where R High and R Low are the high and low resistance 2011) values, respectively, obtained at the maximum of the resistance distributions (see inset of Fig. 1 ). The resistance change is smaller with respect to previous reported values. 7 No optimization of the structure to improve this parameter has been carried out yet. According to Refs. 7 and 20, the change in resistance can be connected with electrochemical migration of vacancies induced by large voltages. The aim of this work is the investigation of the nature of the defects present in the heterostructure device, which can be identified as responsible for the electroresistance.
The dependence of the S-parameter for the studied Au/ LSMO/STO/Nb:STO heterostructure on the positron implantation energy is shown in Fig. 2(a) . The upper scale gives the mean positron implantation depth calculated according to Eq. (1). The experimental data were fitted by VEPFIT (Ref. 16 ) with a four-layer model, comprised of: Au, an Au/LSMO interface, LSMO, STO, and a semi-infinite Nb:STO layer. Annihilation in the first gold thin layer, which is highly influenced by surface traps, has not been characterized by PAS. A defected gold film is expected. The parameters S and diffusion length for a defected gold layer were fixed assuming a vacancy concentration of about 10 À5 according to Refs. 21 and 22. The same route was followed for the Au lifetime, used in the fitting of the data presented in Fig. 2(b) . The continuous line through the experimental data in Fig. 2(a) corresponds to the best-fit values of positron diffusion lengths L þ , thicknesses, and S-parameters of the different layers that are reported in Table II . These results are the outcome of several attempts with different models (sets of VEPFIT input data), which in all cases show the presence of a positron trapping region corresponding to the section of upward curvature in Fig. 2(a) , near the intersection of the dashed lines tangent to the best-fit curve. The most reliable results are obtained by assuming strong positron trapping at the Au/LSMO interface. If no interface trapping is included in the model, non realistic results are always obtained for the LSMO thin film (for example, a very low value of the S-parameter $0.33). Using an analogy with the case of the interface between Si and SiO 2 (Ref. 16) , the Au/LSMO interface was modeled as a very thin layer (1 nm) with a short diffusion length (L þ < 1 nm), i.e., strongly absorbing for positrons. The introduction of this interface does not mean that PAS in this physical situation is capable of resolving a thickness of one nanometer. The presence of an interface is consistent with transmission electron microscopy (TEM) analysis showing a not perfect epitaxy between Au and LSMO. 8 At the early stage of the growth of the capping film, formation of gold nanoparticles occurs with different crystallographic Table II ). The vertical dashed lines mark the position of the nominal interfaces. (Fig. 2) using VEPFIT. Positron diffusion length L þ , thickness t, and Doppler S-parameter. Fixed parameters are marked with the letter F. orientation, and this originates defects when coalescence takes place and a continuous Au film is produced. On the contrary, TEM shows an atomically sharp, fully epitaxial, LSMO/STO interface, as expected from the good lattice matching between the two layers. By consequence, an absorbing layer at the LSMO/STO interface was not introduced in the model. 23 The presence of positron traps at the Au/LSMO interface is to be ascribed to the creation of oxygen vacancies in LSMO promoted by the high reactivity of Au nanoparticles during the interface formation. In Ref. 8 , it was shown that upon Au capping LSMO films suffer from huge deterioration of their magnetic and transport properties, connected to a sizable decrease of the Mn oxidation state (from þ3.3 to þ3.0) extending in the bulk well beyond the screening length. The decrease of the Mn oxidation state is not caused by the electron flow related to the difference in the work functions between Au and LSMO (5.1 and 4.7 eV, respectively, in bulk samples), which would instead lead to an increase of Mn oxidation state. On the contrary, it is well explained by the creation of oxygen vacancies and by the subsequent charge rearrangement which preserves the local neutrality.
The average positron lifetime as a function of positron implantation energy (from 1 keV to 18 keV) is shown in Fig.  2(b) . Each positron lifetime value was obtained as an average over a complex lifetime spectrum. 9 A depth-resolved multicomponent analysis of the lifetime spectra will be presented below. The S-parameter is displayed again in Fig.  2(b) , in order to compare the decreasing trend of the data in the same implantation energy range. The continuous lines were obtained with the same four-layer model and parameters, except the fitting values of the average lifetimes of each layer, which are reported in the last column of Table II . The high values of the average lifetime (380 6 40 ps) and of the S-parameter (0.516) at low implantation energies ( 1 keV) are consistent with positronium (Ps) formation and presence of defects at the surface. As the implantation depth increases, both parameters (S and lifetime) fall with a trend characteristic of a multilayer system.
The lifetime spectra were analyzed using a deconvolution standard method (POSITRONFIT). 24 The separation of different lifetime components was possible due to the rapidly accumulated high number of counts, the well-defined instrument timing resolution, and the lack of positron source annihilation terms that are not present when using a positron beam. The average fit chi-squared per degree of freedom values were in the range from 1.05 to 1.2 when three lifetime components were resolved. Figure 3 shows the results of the decomposition in three lifetime components (free fits, i.e., no constraints on lifetimes and intensities), plotted against the implantation energy (the upper scale gives the corresponding mean implantation depth calculated in accordance with Eq. (1)). The three components are labeled in order of increasing lifetime. The attribution of each component is guided by the corresponding lifetime value. The short lifetime (<200 ps) of component 1 (hollow circles in Fig. 3 ) is an indication of annihilation in dense material and suggests assigning of this component to positrons removed from the bulk by annihila- 10, 11, 13, [25] [26] [27] An approximated estimate of the vacancy concentration is possible by using the so-called standard trapping model (STM). 28 Considering the low intensity of the third component, the STM can be applied in its simplest version (one family of traps only) after renormalizing the intensities to I 1 0 þ I 2 0 ¼ 1. In this case, the trapping rate k for the monovacancy concentration C V can be calculated from the relationship
2 are the decay rates of the first and second lifetime components, I 2 0 is the renormalized intensity of the vacancy component (V X in Fig. 3(a) ps in defect-free STO, obtained from the STM prediction (s
, is in accordance with reported values in STO. 10, [25] [26] [27] This confirms the correct attribution of components 1 and 2 and the validity of the STM. For implantation energies between about 2.7 keV and 4.2 keV, corresponding to mean implantation depths centered in the LSMO and STO ultrathin layers, the lifetime of the second component increases up to $310 ps, with intensity up to 60%. In this region, the STM does not hold, presumably due to the presence of a second family of traps with a lifetime between 160 ps and 180 ps. 11 Taking into account the wide positron implantation profile as well as the effect of diffusion inside the thin LSMO and STO layers, in this energy range the fitted values of the lifetime and of the associated intensity reflect mixed annihilation in both layers and presumably in the absorbing Au/LSMO interface. In this scenario, the evaluation of the vacancy concentration from a STM equation is inaccurate. Nevertheless, considering the increased intensity of the intermediate component, is certainly possible to conclude that the concentration of vacancies in the thin layers is at least three times larger than the concentration inside the Nb:STO substrate. This is consistent with the small value of the diffusion length L þ inside the thin layers (Table II) . High vacancy concentration in thin STO layers has also been reported by Keeble et al. 10, 11 In addition, Jin et al. 29 attribute a low diffusion length and a high S-parameter to a high concentration of oxygen vacancies in a LSMO thin layer. This is in accordance with Ref. 30, 31 The average diameters are $6 Å and $6.4 Å , respectively, in the Nb:STO substrate and in the thin layers (STO and LSMO). In the Nb:STO substrate, the sub-nanopores are clusters of vacancies. If one assumes that the capture radius of a pore is of the order of the positron diffusion length L þ , the intensity of the third lifetime component should be approximately related to the average distance between neighboring pores L P and to the pore number density q P by the relationship:
At high energy (!10 keV) in the Nb:STO substrate, the intensity I 3 is about 10%. Using the L þ value reported in Table  II , this leads to an estimate of the pore density of the order of 10 13 cm
À3
. The same equation gives a pore density of about 10 15 cm À3 in the LSMO and STO thin films, but this number must be taken with caution due to the low intensity (2 6 1)% of the long-living component in the thin films.
IV. CONCLUSIONS
The present work contributes information regarding the lattice defects associated with an ultrathin Au/La This work clarifies the nature and distribution of defects, possibly governing the electroresistive behavior of perovskite structures.
